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We experimentally study the response of star-shaped clusters of initially unentangled N = 4, 10
and 37 nuclear spin- 1
2
moments to an inexact pi-pulse sequence, and show that an Ising coupling
between the centre and the satellite spins results in robust period-two magnetization oscillations.
The period is stable against bath-effects but the amplitude decays with a time scale that depends
on the inexactness of the pulse. Simulations reveal a semiclassical picture where the rigidity of
the period is due to a randomizing effect of the Larmor precession under the magnetization of
surrounding spins. The time scales with stable periodicity increase with net initial magnetization
even in the presence of perturbations, indicating a robust temporal ordered phase for large systems
with finite magnetization per spin.
Spontaneous symmetry-breaking is a central notion in
many body physics, allowing us to explain several nat-
ural phenomena such as formation of a magnet or ice
crystals. While there are many systems in which the un-
derlying spatial symmetries are broken resulting in var-
ious crystalline phases, and a few classical systems that
exhibit spontaneous temporal oscillations, it was only
recently that the possibility of spontaneous breaking of
time translation symmetry in quantum systems was con-
sidered. The initial proposals [1] for realizing a sponta-
neous breaking of continuous time translation symmetry
were later shown to be forbidden in static equilibrium
systems [2, 3]. However, in the attempt to understand
quantum thermodynamics of driven systems, it was re-
alized that an externally driven, disordered, interacting
spin system can stabilize a phase which spontaneously
break the discrete time translation (Z) symmetry of the
system to a subgroup nZ [4–7]. The phenomenon was
soon experimentally realized in trapped cold-atom sys-
tems that mimic a long range interacting disordered spin-
half chain [8], and in dense collections of randomly in-
teracting nitrogen vacancy spin impurities embedded in
diamond [9, 10]. While this work was under review, sim-
ilar observations were also realized in other solid NMR
experiments[11].
In this work, we report on the observation of robust pe-
riod two oscillations of magnetization in a cluster of nu-
clear spins in a simple star-shaped geometry with a cen-
tral spin interacting with N surrounding satellite spins
via Ising interactions mediated by the electron cloud in
the molecule. The satellite spins do not interact with
each other. Spins in each molecule show magnetization
oscillations of period-two, as expected, when subjected
to a sequence of transverse pi-pulses (pulses that rotate
every up/down spin by pi radians). However the Ising in-
teractions within the cluster result in the period rigidly
locking on to two, even under a sequence of inexact pi
pulses (pulses that rotate by an amount pi − e). Sim-
ulations of an isolated cluster show that the period is
robust even in the presence of small perturbations and
disorder that break the symmetries of the model. For
the present work we perform nuclear magnetic resonance
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FIG. 1. Molecules used in the experiments - ace-
tonitrile (a), trimethyl phosphite (TMP) (b) and
tetrakis(trimethylsilyl)silane (c) with the 4, 10 and 37
NMR active nuclei encircled. (d) Experimentally measured
magnetization 〈Szi 〉 of satellite spins of TMP for the pulse
sequence in Eq. 1 with JT/~ = 6.5 and θ = pi − 0.1.
Red/green dots show the magnetization at odd/even time
steps. For visibility in the plot, the y axis has been rescaled
at every 100th time step. (e) Blue line shows experimentally
measured magnetization oscillations of free/non-interacting
spins of protons in acetonitrile which contain a spinless
C− 12 central spin, at a pulse angle θ = pi− 0.27. Gray lines
indicate the expected response in the absence of a bath.
(NMR) experiments on acetonitrile, trimethyl phosphite
(TMP) and tetrakis(trimethylsilyl) silane (TTSS) con-
taining 4, 10 and 37 spins [Fig 1 (a-c)] [12]. The exper-
iments are performed on ensembles of ∼ 1015 molecules
with a distribution of initial states, described by a di-
rect product density matrix. High precision ensemble
average magnetization measurements of central/satellite
spins can be performed using free-induction decay sig-
nals. Period-two oscillation of individual spins result in
corresponding oscillations of the ensemble average mag-
netization. Control experiments performed on molecules
that contain a spinless isotope at the center show os-
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2cillations with frequencies that linearly vary with the
deviation e, showing that the robustness of the period
originates from interaction with the central spin. In the
following, unless units are made explicit, frequencies are
in units where the time period T = 1.
Model and numerical results : The unitary operator
evolving the state of the cluster between successive steps
is given by
U (J, θ; t) = exp
[
− ıJt
~
Sz0
∑N−1
i=1 S
z
i
]
for t ∈ [0, T ) (1)
U (J, θ;T ) = exp
[
−ıθ∑N−1i=0 Sxi ] exp [− ıJT~ Sz0∑N−1i=1 Szi
]
where J , T and θ are the Ising interaction strength, time
period and the rotation angle characterizing the pulse.
Sµi are spin operators. Site index i = 0 labels the central
spin (See Ref [13,14] for a description of liquid-state NMR
which realizes the unitary)
We will label the deviation from pi pulse by e = pi− θ.
To simplify the discussion below, it is useful to temporar-
ily switch to a toggling frame of reference in which the
basis of every spin rotates by an angle pi about the x-axis
after each pulse. On account of the Z2 symmetry of the
model, the unitary operator in the rotating basis retains
the same form as in Eq. 1 but with a reduced pulse angle
e = pi − θ, i.e., the spins in the rotating basis see a uni-
tary operator U(J,−e; t). A constant z-magnetization
of all spins in the rotating basis picture corresponds to
a period-two oscillation of all physical spins. Numerical
simulations indeed show that a finite magnetization is
maintained under a sequence of weak pulses (pulse angle
−e). Presented below is a semiclassical picture inferred
from numerical simulations (Fig 2).
For simplicity, we will consider the time evolution
starting from a fully polarized initial state under a se-
quence of small pulses θ = −e (corresponding to θ = pi−e
experienced by the physical spins). During 0 < t < T ,
the spins do not evolve as the state is an eigenstate of the
unitary evolution (Eq. 1). At time t = T , the pulse ro-
tates every spin by an angle e away from z-axis as shown
on the Bloch sphere (see Fig-2). During T < t < 2T , the
central spin which is tilted away from the z-axis evolves
under the Hamiltonian H ≈ −J 〈Ms〉Sz0 where Ms is the
net z magnetization of the satellite spins resulting in a
Larmor-like precession as shown in Fig-2(d). The orien-
tation of the central spin at t = 2T− depends on the
amount of precession JT 〈Ms〉~ . The e pulse at t = 2T
now brings the spin vector to a polar angle 0 < θ < 2e.
Owing to the precession, the successive e pulses can now
cancel each other. In contrast, in a set of non-interacting
spins the angles always add constructively leading to a
steady increase in the polar angle (ne after n pulses -
Fig-2(f) ). Thus the randomizing effect of the interac-
tion induced Larmor precession, causes the polarization
of the central spin to survive longer than that of an iso-
lated spin. We expect the same effect to be seen also
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FIG. 2. Numerical simulations of spins in the rotating basis.
(a-b) Time dependence of the expectation values of the three
spin components of a central (a) and satellite (b) spin for a
system with N = 8 spins, JT~ = 4 and pulse angle θ = e = 0.4.
Initial state is the fully z-polarized state. (c) Entanglement
entropy of the central spin. (d) Bloch sphere representing
the spin components of a central spin (of a 6 spin cluster) at
times t = 0, T+, 2T− and 2T+; +/− labels the time just
after/before the pulse. Sequence of intermediate dots track
the evolution between time t = T and 2T . (e) Same as (d)
but for a satellite spin. (f) Bloch vectors for a single isolated
spin at successive time steps.
on the surrounding spins except that they precess under
the magnetization of the central spin alone resulting in
a slower precession of the satellite spins compared to the
central spin (Fig-2(f)). Constant sign of the Bloch-vector
component 〈Sz〉 in the rotating basis implies a period two
oscillation of the physical spin orientation (Fig-2(a,b)).
Such a semiclassical picture assumes that the central spin
is not maximally entangled with the surrounding spins,
as otherwise the Bloch vector may vanish in length even
when the polar angle is conserved. As shown in Fig-2(c),
the von Neumann entropy of the central spin stays below
maximum ensuring finite Bloch vectors. Simulations of
the small systems at much longer time scales using exact
diagonalization indicate that entanglement of the system
does not rise for time scales that increase exponentially
with system size (Fig-9(c,d)).
In the following, we will use the physical spin basis. To
explore the stability of the period to perturbations other
than e, we numerically simulated a pure spin system with
a time independent perturbation to the Hamiltonian of
the form
∑
i h
x
i S
x
i +h
z
iS
z
i . The quenched disorder h
x
i and
hzi were picked uniformly from [−δ/2, δ/2] and [0, δ] (in
units where T/~ = 1). To compare the response of dif-
ferent system sizes, we fix the average magnetization per
spin. We found that in all cases, the time scale in which
there was a dominant period-two oscillation appeared to
grow exponentially with system size (Fig-9(b)). Similar
increase in time scales were also observed in simulations
with disorder free perturbations of the form hz
∑
Szi and
Jx
∑
Sxi S
x
i+1[14]. The time scales with stable period are
3FIG. 3. (a,b) Time dependence of cross correlation (mul-
tiplied by (−1)t) between the central spin Sz0 and a satel-
lite spin Szi from simulations of systems of different sizes
(JT/~ = 4, e = 0.05, ψ = Rx(pi/8) |↑↑ . . . 〉, Rx(pi/8) being
the rotation of all spins by pi/8 about x). Disorder strengths
are 0 (a,c) and 0.5 (b,d). (c,d): Entanglement entropy of the
central spin. Disorder averaging has been performed in (b,d).
higher when the initial state of the spin cluster had a
larger total magnetization. Slow heating and stability
in this disorder free system is likely to be associated
with a prethermal regime similar to that in Ref [15,16].
However, unlike the high frequency case discussed there,
the experiments here are performed at low frequencies
(JT > 1). Cross correlation between the central and
satellite spins (Fig-9(a,b)) show that different spins os-
cillate in synchrony suggesting that the robustness of the
period is a collective behavior of all spins.
For small e and the Z2 symmetric unitary (Eq-1), ori-
gin of the period-two oscillations at finite deviation e
can be understood in a manner similar to that described
in Ref [5]. The Floquet unitary describing the periodic
drive commutes with the parity operator P =
∏
2Sxi
and therefore the quasienergy eigenstates have a par-
ity quantum number ±1. The quasienergy states of the
system at θ = 0 occur in degenerate quasienergy pairs
of opposite parity ψ± = |σ0,m〉 ± |−σ0,−m〉, where
|σ0,m〉 is a state with central and satellite spins in an
eigenstate of Sz0 and
∑N−1
i=1 S
z
i with eigenvalues σ0 and
m. At small finite pulse angle θ = e, the quasienergy-
degeneracy is broken in a manner that depends on the
magnetization |m| as ∼ e2|m|+1. In the presence of a
sequence of inexact pi pulses θ = pi − e, the unitary is
U(J, pi − e;T ) = PU(J,−e;T ) for which the states ψ±
have quasienergies separated by pi + O(e2|m|+1). A po-
larized direct product initial state |σ0,m〉 is a symmetric
or antisymmetric linear combination of the states ψ±. As
a result, the unitary for inexact pi pulses acts on such a
polarized state to flip the orientation of all the spins at
each time step:
U |σ0,m〉 = U(ψ+ ± ψ−) ∼ ψ+ ± e−ıpi ψ− = |−σ0,−m〉
resulting in a period-two magnetization oscillation. Bet-
ter degeneracies of the higher magnetization initial states
explains why initial states with larger magnetization
shows stable periodicity for longer time scales. Sublead-
ing ocillations of other frequencies originate from mixing
of ψ± with states of smaller magnetizations.
NMR setup: The spin systems used for the experi-
ments - Acetonitrile, TMP and TTSS are prepared in the
solvents dimethyl sulfoxide/deuterated chloroform. The
experiments are carried out at 300 K in a Bruker 400
MHz NMR-spectrometer equipped with an UltraShield
superconducting magnet of strength 9.39 T. The unitary
of Eq-1 is realized in a doubly rotating frame [13, 14].
The θ pulses are realized by simultaneous resonant, short
duration radio-frequency pulses on all spins. The pulse
duration can be tuned to control θ. Interaction param-
eter JT/~ can be set by tuning the time period T . Af-
ter n pulses, any residual transverse magnetization is de-
stroyed using a pulsed-field-gradient (PFG) and the final
magnetization 〈Sz〉 is rotated into the transverse direc-
tion with the help of a pi/2 detection pulse. The NMR
signal is then detected as the oscillatory emf induced in a
probe coil due to the precessing transverse magnetization
about the Zeeman field [14, 17]. During each period, the
measurement was performed immediately after the pulse.
Initial states in the experimental ensemble of ∼ 1015
molecules can be descibed by mixed state of the form
ρ =
∏N−1
i=0 ⊗ρi, where ρi = 12 (I + σzi ), and the pu-
rity  ≈ 10−5, σz being the Pauli matrix. The pu-
rity is inferred from the thermal equilibrium distribution
at the magnetic field strength inside the spectrometer.
Note that while the ensemble average magnetization is
small, the ensemble contains subensembles of all possi-
ble initial magnetizations −N/2 ≤ M ≤ N/2, with a
marginally higher fraction (parameterized by ) with pos-
itive sign. Clusters with finite magnetization |M | show
stable periodic-two oscillations which collectively reflect
in the ensemble average measurements.
Results and discussion : Fig-4 shows the measured
satellite spin magnetizations in TMP and acetonitrile
for an interaction parameter JT~ = 20.7 (J/h = 11 Hz,
T = 0.3 s). Magnetization oscillations on TMP (Fig-4
(a,b,c)) show a clear peak at frequency half (subharmonic
4peak), whose height decreases with increase in the devia-
tion e, vanishing at e ≈ 0.4pi in agreement with the sim-
ulations. There are no discernible peaks in the spectrum
at frequencies pi±e2pi expected from non-interacting spins.
Fourier transforms were taken using standard FFT algo-
rithms applied to the data from the chosen time window.
For comparability, magnetization data was normalized
such that initial magnetization was 1.
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FIG. 4. Experimentally measured satellite spin magnetiza-
tion
∑N−1
i=1 〈Szi 〉. (a,d): Magnitude of the subharmonic peak
upon varying e in TMP and Acetonitrile. Solid continuous
lines show results from simulations. Different markers in-
dicate Fourier transforms of experimental measurements in
different time windows. (b): Waterfall plot of the Fourier
spectrum (time-window 0 < t < 80T ) of the experimentally
observerd magnetization of TMP at different deviations e.
Dashed blue lines indicate the location of peaks expected for
a free spin. (c): Variation of the decay time of the experi-
mentally observerd magnetization amplitude with e for TMP.
(e,f): Same as (b) but for acetonitrile with a spinfull C-13 (e)
and spinless C-12 (f) atom at the center.
The RF pulses have ±5% distribution of θ values
around the nominal value, due to the spatial inhomo-
geneity of the RF field over the volume of the sample.
The experimental system suffers from decoherence due
to coupling to an external thermal bath. This could ex-
plain the decay of the oscillation amplitudes with time
[18]. Apart from this decay, the magnitude of the sub-
harmonic peaks in each time window match the simu-
lations. Interestingly the decay time decreases steadily
with e (Fig 4 (c)).
Acetonitrile sample contains a mixture with 99% of
the molecules carrying a spinless C-12 and 1% of the
molecules containing spinful C-13 atom in the methyl
group. Although NMR signal has contributions from the
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FIG. 5. Experimental values of central spin magnetization
〈Sz0 〉 in TTSS. (a): Subharmonic peak strength as a function
of the deviation e. Different markers indicate Fourier trans-
forms in different time windows. (b): Waterfall plot of the
Fourier spectrum of the experimentally observed central spin
magnetization at different e. Blue dashed line shows the loca-
tion of the Fourier peaks expected for free spins. (c): Decay
time scale as a function of e. Inset shows a semi log plot of
the amplitude of magnetization as a function of time.
satellite spins of both isomers, their contributions can be
separated in the frequency domain of the induced emf
oscillations during the final measurement process thanks
to the presence or absence of interaction with the central
spin, and thus they can be analysed separately. Exper-
iments on acetonitrile were performed at the parameter
JT
~ ≈ 17.1 (J/h = 136Hz, T = .02s). Figure 4(e) shows
the Fourier transforms of magnetization of the satellite
spins in acetonitrile that contain a spinfull C-13 central
atom. Figure 4(f) shows the Fourier transform of the
magnetization of the satellite spins in molecules contain-
ing a spinless C-12 central atom. In the absence of a
central spin with which the satellites can interact, they
oscillate like isolated spins with a frequency that varies
linearly with e. Absence of stable period in this non inter-
acting system clearly shows that the stability of period
observed in other clusters arise from interactions. Fig-
5 shows the results for magnetization measurements of
the central Si-29 spin of the TTSS molecule which has
N = 36 satellite spins around the central atom. Ex-
periments were performed at JT/~ ≈ 4 (J/h = 2.5Hz,
T = 0.25s).
We have experimentally demonstrated that stable tem-
poral order can be realized in NMR spin-clusters. Ab-
sence of a stable period in the control experiment in C-
12 acetonitrile shows that stability of the period requires
interactions between the spins (as in C-13 acetonitrile).
Though bath effects and other perturbations in the ex-
periment lead to a magnetization decay with time, inter-
estingly the period appears to be unaffected. Stability of
the period in the spin cluster improves with increase in
total initial magnetization. Therefore large systems with
finite initial magnetization per spin, should show a stable
temporal ordered phase. The stability of the oscillations
in such systems can be interpreted as an error-correction
on the pulse sequence and may find potential applications
5towards robust quantum information processing [19].
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SUPPLEMENTAL MATERIALS
Effective Hamiltonian of the NMR system
In this section, we describe origin of the periodic
Hamiltonian that governs the dynamics of the spins in
each cluster (See Ref-13 for finer details). The spin clus-
ters are contained in each one of about 1015 molecules
dissolved in suitable solvents placed in a high external
z-directed magnetic field B = B0zˆ. This adds a Zee-
man energy term in the Hamiltonian γiB.S, where γi
is the gyromagnetic ratio of the ith nuclei. The strong
field modifies the electronic environment surrounding
the nucleus leading to an additional linear Zeeman-like
term γi
∑
µ,ν BµdµνS
ν where dµν is called the chemical
shift tensor. The shift tensor strongly depends on the
type of nucleus and the chemical environment within
the molecule. The spins within each molecule interact
through pairwise interactions mediated by the electron
clouds in the molecule (J-coupling), as well as through
direct dipole-dipole interactions. Inter molecular inter-
actions are insignificant at the concentrations relevant in
this experiment. Thus the Hamitlonian of the system has
the form
H =
∑
i
γiB0(S
z
I +
∑
ν
dizνS
ν
i ) +
∑
i<j,µ,ν
Sµi J
µν
ij S
ν
j +
+Hdipole +Hpulse (2)
where the Latin and the Greek indices indicate site and
direction indices. Hpulse describes the coupling to addi-
tional external field that can be used to flip the spins.
The molecules in the solution have an isotropic envi-
ronment in which the molecules rapidly rotate. Rota-
tional motion averages the electron mediated spin-spin
interactions to its isotropic values whereas the dipole
dipole interaction averages to zero (See Chapter-7 of Ref-
13), reducing the effective interaction to
H =
N−1∑
µ,i=0
γiB0(δzµ + d¯
i
zµ)S
µ
i +
N−1∑
i<j=0
JijSi.Sj +Hpulse
(3)
where J is the trace of Jµν tensor and d¯ is a motionally
averaged value of the chemical shift d tensor.
The largest energy scales, Larmor frequency, of the ith
nuclei in the system corresponds to the large external
magnetic field B0 as, ωi = γiB0(1 + d¯
i
zz). For proton
(γi ∼ 2.7×108 s−1T−1) this is of the order of 400MHz at
B0 = 9.39T. In the limit of large spread in ωi, all those
terms that do not commute with the Zeeman term are
suppressed. In our case |ω0 − ωi| ∼ 109 rad/sec, while
6Jij ∼ 102 rad/sec. Within this secular approximation,
the Hamiltonian simplifies to
H =
N−1∑
i=0
ωiS
z
i +
N−1∑
i<j=0
JijS
z
i S
z
j +Hpulse. (4)
The desired Hamiltonian, which is described in the main
text is realized in a rotating frame of reference which
rotates at the Larmor precession frequencies of the indi-
vidual nuclear spins. The time dependent basis trans-
formation that changes the frame of reference Ri =
exp(−ıωiSizt) commutes with interaction term and there-
fore in the rotating frame of reference, the Hamiltonian
simplifies to
H =
N−1∑
i<j=0
JijS
z
i S
z
j +Hpulse,rot (5)
where we have used the time dependent basis transforma-
tion for the HamiltonianH → H−ı∑iR†i∂tRi. Hpulse,rot
is the pulse Hamiltonian expressed in the rotating frame.
In order to utilize the external pulse to implement a spin
rotation operation, Hpulse,rot should be equal to θiS
x
i (in
the rotating frame). This is achieved through a magnetic
field pulse that rotates at the Larmour frequency of each
nuclear spin and pointed in the x − y plane. With this,
the effective Hamiltonian in the rotating frame is
H =
N−1∑
i<j=1
JijS
z
i S
z
j +
N−1∑
i=0
θiS
x
i (6)
Note that in the rotating frame of reference, the spins
do not see any external magnetic field B0. Since the
Hamiltonian is implemented in the rotating frame of ref-
erence, the measurement of the Sz expectation values
should be performed in the rotating frame. Since the
measured quantity Sz commutes with the basis transfor-
mation R, the actual measurement made in the lab frame
is same as the measurement performed in the rotating
frame.
Measurement and the Pulsed Field Gradient (PFG)
In order to measure the Sz component of the spins, a
detection pulse is applied which rotates all the spins by
pi/2 about the x-direction, thereby bringing the z compo-
nent of the spins now to the x−y plane. In the presence of
a z-directed steady magnetic field, these spin components
now precess about the z-axis. The collective precession
of all the 1015 spins in the sample can be measured us-
ing the EMF induced on a finely calibrated coil. Note
that when the x-directed detection pulse is applied, any
residual component in the x axis remains in the x − y
plane, and will then affect the EMF induced in the coil.
In order to remove any such x component we apply the
pulsed field gradient which randomizes any remnant x-
components of molecules across the sample.
PFG is a standard NMR technique to create a system-
atic dephasing of the transverse magnetization along the
sample dimension. Typically it involves a linearly vary-
ing magnetic field along zˆ over a short duration of time
τ (milli-seconds), i.e., B(z) = B0 + Gz. The maximum
strength of the gradient G is of the order of 50 G/cm.
The effect of a PFG pulse is to create a phase distribution
φ(z) = −γB(z)τ in the Larmor precession of the nuclear
spins about the z-axis such that the average transverse
magnetization vanishes. In our experiment, we used a
PFG pulse to remove weak residual transverse magnetiza-
tion, if any , before tilting the longitudinal magnetization
into the transverse plane for detection. The measurement
and the PFG system are implemented in Bruker 400 MHz
NMR Spectrometer
Measured magnetization oscillations
Figure 6 shows the central spin magnetization of TTSS
as a function of timesteps for different deviations from pi
pulse. Figure 7 shows the magnetization of the spins
of the protons in acetonitrile molecules which contain a
spinless C-12 atom. These spins respond like free spins
with magnetization that oscillates with a frequency of
pi−e
2pi .
Long time simulations of the spins
Figure 8 shows 〈Sz(t)〉 (−1)t as a function of time for
the satellite (left) and central spins (right), starting from
an initial state of the form Rx(pi/8) |↑↑↑ ...〉, where the ro-
tation operator Rx(θ) rotates every spin by θ about the
x axis. Top panel shows the time evolution in the ab-
sence of any added disorder. Middle and bottom panels
show time evolution in the presence of quenched disorder
as well as parity symmetry breaking perturbations intro-
duced according to the following model (Similar to the
one studied in Ref-5):
U = U1U2 where
U2 = exp
[
ı
JT
~
Sz0
N−1∑
i=1
Szi + ı
N−1∑
i=0
hziS
z
i + ı
N−1∑
i=0
hxi S
x
i
]
U1 = exp
[
−ı(pi − e)
N−1∑
i=0
Sxi
]
(7)
hzi and h
x
i were picked from a uniform distribution in the
range [0, δ] and [−δ/2, δ/2] resepectively. For δ 6= 0, the
plots show disorder averaged values.
Stable positive value of 〈Sz(t)〉 (−1)t indicates that
there is a dominant period 2 oscillation. As can be seen
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FIG. 6. Time dependence of the central spin magnetization (obtained from experiments) on the 37 spin cluster contained in
TTSS. Different panels show different values of the deviation e from the exact pi-pulse. The vertical axis has been rescaled such
that initial magnetization is normalized to 1. Green and red dots indicate the magnetizations at odd and even time steps.
FIG. 7. Time dependence of the proton spin magnetization (obtained from experiments) in acetonitrile containing a spin-less
C− 12 central atom. These spins should behave like free spins which are expected to have oscillations with a frequency of pi−e
2pi
.
Different panels show results for different values of the deviation e from the exact pi-pulse. The vertical axis has been rescaled
such that initial magnetization is normalized to 1. Green and red dots indicate the magnetizations at odd and even time steps.
Measured oscillation frequencies (peak of the Fourier transform) are indicated in each plot.
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FIG. 8. Left hand side panels show 〈Szi (t)〉 (−1)t (from simulations) for a satellite spin. Right hand side panels show the same
for the central spin. Top, middle and bottom panels show results for different disorder strengths δ (defined in Eq-7). Deviation
from exact pi-pulse is e = 0.05. Different lines indicate different number of spins N . JT~ = 4 in all the simulations.
in all the cases, when magnetization per spin is held con-
stant, there is a long time scale that appears to grow
exponentially with N where this stable period two oscil-
lation is mainitained. The small oscillations in this quan-
tity about the steady value arise from modes at other
frequencies. As system size increases, these additional
modes weaken. The relatively smooth plots in the case
of models with disorder is an artifact of disorder averag-
ing.
Long-lived finite amplitude period-two oscillations in
the spins require that the system do not heat up to an
infinite temperature maximally entangled state. We in-
deed find that the entanglement entropy of the central
spin (Fig.9 (right)) do not increase until an large num-
ber of time steps, which appears to increase exponen-
tially with system size. Fig.9 (left) panel shows time
dependence of the cross correlation between the central
and satellite spins at different times showing that the dif-
ferent spins oscillate in a correlated manner. The cross
correlation is defined as
〈
ψ(0)|U†(t, 0)Sz0U(t, 0)Szi |ψ(0)
〉
.
In Fig.9 (left) the quantity has been multiplied by the
modulating factor (−1)t.
Figure 10 shows the results of simulations similar to
Fig 8 but for an initial state with smaller initial mag-
netization per spin: Rx(pi/6) |↑↑↑ ....〉. While qualita-
tively the features remain the same, the strength of the
subdominant oscillations (of period different from two)
increase for a system of same size. However these os-
cillations vanish as system size increase. Additionally
the time scale over which the periodicity is maintained
decreases relative to Fig 9 upon reducing the initial mag-
netization per spin.
The experimental setup available realizes a mixed ini-
tial state ρ =
∏N−1
i=0
1
2 [Ii + σ
z
i ] with  being 10
−5 (σzi
being the Pauli spin matrix). Even though the ensemble
averaged magnetization associated with this is small, the
system contains a mixture of cluster states of different
initial magnetizations. Figure 11 shows the time depen-
dence of 〈Sz(t)〉 (−1)t for different disorder strengths and
deviations from pi pulse e = 0.05. We find that the dom-
inant magnetization oscillations survive for time scales
far beyond the decay times dictated by the bath.
Figure 12 considers a system without the Z2 symmetry
and without disorder described by the unitary
U(T, 0) = U1U2 where
U2 = exp
[
ı
T
~
JSz0
N−1∑
i=1
Szi + ıh
z
N−1∑
i=0
Szi
]
U1 = exp
[
−ı(pi − e)
N−1∑
i=0
Sxi
]
(8)
9FIG. 9. (left) Time dependence of cross correlation (multiplied by (−1)t) between the central spin Sz0 and a satellite spin Szi at
various disorder strengths δ = 0, 0.5 and 1.0 and different system sizes at parameter values and initial states same as in Fig-8.
(right)Entanglement entropy of the central spin.
FIG. 10. Simulations of the spin expectation values at parameters as Fig-8 but with an initiation state with a smaller
magnetization Rx(pi/6) |↑↑↑ . . . 〉
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FIG. 11. Time dependence of ensemble averaged magnetization 〈Sz(t)〉 (−1)t from simulations of an initial state described by
ρ =
∏N−1
i=0
1
2
[Ii + σzi ] with  = 10−5. Interaction strength JT/~ and deviation e in the simulation are 4.0 and 0.05.
FIG. 12. Magnetizations estimated from the simulation of a system with a fixed parity breaking perturbation hz
∑N−1
i=0 S
z
i and
no disorder (Eq 8).
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FIG. 13. Cross correlations from simulations for a with initial
state Rx(pi/6) |↑↑ ...〉 and pulse deviation e = .1 but with an
additional perturbation of the form JxS
x
0
∑N−1
i=1 S
x
i .
.
Initial state in the simulation was same as that in Fig-8
Rx(pi/8) |↑↑ . . . 〉. We find that the period two oscillations
are robust agains Sz perturbations even in the absence
of any disorder in the system.
Similar studies with an additional in-
teraction term in U2 of the form U2 =
exp
[
ıT~ JS
z
0
∑N−1
i=1 S
z
i + ıJ
xSx0
∑N−1
i=1 S
x
i
]
shows qualita-
tively the same behavior (Fig-13)
Degeneracy of quasienergies
In this section we show that for small pulse angle θ = e,
the Z2 symmetric unitary
U = exp
[
−ıθ
N−1∑
i=0
Sxi
]
exp
[
ı
JT
~
Sz0
N−1∑
i=1
Szi
]
(9)
has degenerate pairs of eigenstates, with the degeneracy
improving (ie decreasing gaps) with the average magne-
tization in the eigenstates.
The eigenstates of the unitary are parity eigenstates.
For small e, eigenstates are symmetric/antisymmetric
linear combinations of localized states opposite magne-
tization |+m〉 ± |−m〉 and therefore eigenstates can
be grouped into sets with distinct expectation values
FIG. 14. Plot showing the average level spacing between
quasienergies of opposite parity eigenstates of the Floquet
unitary (Eq-9), as a function of the pulse angle.
Mrms ∼
√〈M2〉. We find that the states with larger
magnetizations are more degenerate. To show this we
simultaneously diagonalize the parity operator P and
the unitary U . Eigenstates can be grouped according
to Mrms of the states (Fig-14). Average spacing be-
tween opposite parity quasienergies in a group can be
estimated as the average of |ωi,+ − ωi,−| where ωi,+/− is
the quasienergy of the ith positive/negative parity eigen-
state when the states in the group are sorted according
to the quasienergy values (taking care of Brillouin zone
crossings while evaluating the distance |ωi,+ − ωi,−|).
As shown in Fig 14, eigenstates of larger Mrms have
better degeneracies. The level spacing scales as e2Mrms .
This can be qualitatively understood by treating U(J, e)
as a perturbation over U(J, 0) of the following form:
U(J, e) ≈ U(J, 0)− ıe
N−1∑
i=0
(Sxi )U(J, 0) +O(e2) (10)
For the case of e = 0, the eigenstates come in degen-
erate opposite parity pairs |±〉 = |+M〉 ± |−M〉. At
finite e, the degeneracy is broken by scattering by the
Sx operator. We expect that the lowest order splitting
in the degeneracy occurs due to 2M actions of the per-
turbation, leading to a splitting of the unitary eigen-
values of order e2M . Quasienergies split similarly as
12
| exp[−ıω]− exp[−ı(ω + δ)]| ∼ |δ| for small δ.
